Background: While multiple tests are used to determine the presence of infection at the site of a total hip arthroplasty,
hip arthroplasty and even higher rates after revision hip arthroplasty 1, 2 . Given the increasing number of total hip arthroplasties being performed each year, this rate equates to a large number of patients with periprosthetic hip infections who utilize a substantial amount of health-care resources. Multiple tests are used in an attempt to determine the presence of periprosthetic infection in patients managed with total joint arthroplasty, including preoperative laboratory testing (determination of the erythrocyte sedimentation rate and C-reactive protein level), imaging studies, intraoperative Gram staining, intraoperative frozen-section analysis, and preoperative or intraoperative joint aspiration with determination of the synovial fluid white blood-cell count and culture of specimens [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . However, no completely reliable diagnostic test is currently available for establishing the presence of infection at the site of a total hip arthroplasty. The purpose of the present study was to evaluate the utility of commonly available tests for determining the presence of periprosthetic infection in patients undergoing revision total hip arthroplasty by applying a consistent algorithm with a specific focus on the intraoperative use of the synovial fluid white blood-cell count.
Materials and Methods
T wo hundred and thirty-five painful total hip arthroplasties in 220 patients were prospectively evaluated and underwent reoperation by one of two surgeons (C.J.D.V. and S.M.S.) from August 2003 to March 2007. A preoperative and intraoperative protocol for assessing the painful hips for infection was utilized. Five patients underwent revision of both hips, and ten additional patients had more than one revision of the same hip during the study period (five because of infection, three because of instability, and two because of fracture). To control for the possibility of intercorrelated events, the data set was analyzed both with the inclusion of these fifteen secondary arthroplasties in nonunique patients and a second time with the exclusion of all but the first revision for these fifteen patients. Patients who had a previous resection arthroplasty with or without an antibiotic spacer present were not included in Limb-length discrepancy 1 *Diagnosed less than six weeks after the onset of symptoms. 
Staphylococcus aureus 24

Staphylococcus epidermidis 11
Streptococcus species 4
Enterococcus species 2
Haemophilus parainfluenzae 1
Mycobacterium malmoense 1
Proteus mirabilis 1
Pseudomonas aeruginosa 1
Veillonella species 1
Anaerobic Gram-positive cocci* 1
Multiple organisms 1
No organism identified 7 *Unable to be further identified. 
the present study, nor were patients who had been receiving antibiotics preoperatively. The protocol that was used to evaluate these total hip arthroplasties included determination of the preoperative erythrocyte sedimentation rate and C-reactive protein level, intraoperative hip aspiration prior to arthrotomy after exposure of the hip capsule (for determination of the synovial fluid white blood-cell count with differential), three full sets of intraoperative cultures taken from deep within the hip joint (for determination of the presence of aerobic and anaerobic bacteria, fungi, and acid-fast bacilli), intraoperative frozen-section analysis of specimens taken from the synovial tissue adjacent to the prostheses, and permanent histopathological examination of this tissue. As this protocol is our standard of care, patient informed consent was not required by our institutional review board, which approved the present study.
On the basis of previous studies, the values that were considered to be abnormal and potentially consistent with infection included an erythrocyte sedimentation rate of >30 mm/hr, a C-reactive protein level of >10 mg/dL, and an average of more than ten polymorphonuclear cells seen within the tissue in the five most cellular high-power fields on frozen-section and/or permanent histopathological analysis 2, 3, 7, 15 . As the practicing orthopaedic surgeon may come across different suggested normal ranges for the erythrocyte sedimentation rate and C-reactive protein level, results were also graded as normal or elevated on the basis of the normal reference ranges for the laboratory where the testing was performed. The optimal cut-point value for the white bloodcell count and for the percentage of polymorphonuclear cells on the differential count were obtained with use of receiveroperating-characteristic curve analysis. Cultures were considered to be positive if the organisms grew on solid media. Intraoperative Gram stains were not performed because previous studies have failed to show the utility of this diagnostic test 2, 16, 17 . The routine preoperative evaluation did not include nuclear medicine imaging. Antibiotics were withheld until after intraoperative culture specimens were acquired.
The final diagnosis of infection at the site of an individual total hip arthroplasty required two of the following three criteria to be met: a positive intraoperative culture, gross purulence, or a final histopathological result consistent with infection. Hips that were diagnosed as infected were further analyzed to determine if a difference existed between those with positive cultures and those that demonstrated no growth of an organism on solid media.
Data Analysis
Categorical variables were summarized as frequencies and percentages with use of the SAS (SAS Institute, Cary, North Carolina) FREQ procedure, and frequencies were compared with use of either the Fisher exact test (dichotomous) or the likelihood ratio chi-square test (polychotomous). Continuous *The 95% confidence intervals are shown in parentheses. †N = 201 for all tests. ‡WBC = white blood cell, and PMN = polymorphonuclear cell. Receiver-operating-characteristic (ROC) curve demonstrating the hip aspirate white blood-cell (WBC) count cut-point of 4200 white blood cells/mL for all patients in the cohort. *AUC = area under the curve.
variables were summarized with use of the UNIVARIATE procedure, and averages were compared between groups with use of a Student t test with pooled variance by means of the TTEST procedure. Odds ratios were used for associating outcomes. The assumption of equal sample variances between comparison groups was assessed with use of a (folded) F test. If variances were found to differ significantly, distributions of continuous variables were compared nonparametrically with use of the NPAR1WAY procedure by means of a Wilcoxon rank-sum test.
Significance was inferred at an alpha (type-I) error level of 0.05, and significance levels were not adjusted for multiplicity. Sensitivity, specificity, positive predictive value, negative predictive value, and test accuracy as measured with Youden's J statistic were calculated in a SAS computer program that was developed for the study. Statistics were calculated at each unique value of a variable or composite under evaluation, and a grid search method was used to identify the cut-point that resulted in the maximum test accuracy (Youden's J statistic) at an acceptable level of sensitivity, specificity, negative predictive value, and positive predictive value. Ninety-five percent confidence limits were computed for sensitivity, specificity, positive predictive value, negative predictive value, and test accuracy with use of standard errors calculated under a binomial assumption, with widths determined with use of a normal approximation to the binomial distribution.
Receiver-operating-characteristic curves were used to examine the relationship between sensitivity and the false positive rate (1 2 specificity) on the basis of attributes of assignment into infected and noninfected groups from a predictive model fit by logistic regression. Estimates of sensitivity and specificity were created with use of the LOGISTIC procedure in SAS, and receiver-operating-characteristic curves were plotted with use of the SAS GPLOT procedure.
Results
O
f the 235 revision total hip arthroplasties that were performed, thirty-four were excluded because of the presence of a draining sinus, incomplete data, or a preoperative diagnosis of inflammatory arthritis, leaving 201 total hip arthroplasties available for evaluation. The average age of the patients at the time of revision surgery was 64.9 years (range, thirty to ninetyfour years). One hundred and twenty-seven (63%) of the revision arthroplasties were performed in women. The average interval between the index procedure and revision surgery was 7.2 years for all hips, 4.5 years for infected hips, and 8.0 years for noninfected hips. Table I summarizes the reasons for the revision procedures.
Fifty-five hips (27.4%) were deemed to be infected. Staphylococcus aureus and Staphylococcus epidermidis represented the majority of the infecting organisms. No organism could be identified in seven of the infected hips. Table II *The categories are given as the combination of diagnostic tests with or without elevated results, followed by the synovial fluid white blood-cell (WBC) count cut-point. An elevated erythrocyte sedimentation rate (ESR) is defined as >30 mm/hr, and an elevated C-reactive protein (CRP) level is defined as >10 mg/dL. †The 95% confidence intervals are shown in parentheses. 
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summarizes the organisms that were identified in the hips that were judged to be infected. Table III provides a summary of the mean, range, and standard deviation of the preoperative erythrocyte sedimentation rate and C-reactive protein level, the white blood-cell count and the percentage of polymorphonuclear cells in the synovial fluid aspirated from the hip, and the time from the primary procedure to revision for both the infected and noninfected hips. All values were significantly different between the two groups (p < 0.001). The gross appearance, results of frozen-section analysis, and final histopathological results were also significantly different between the infected and noninfected groups (p < 0.001 for all comparisons).
The sensitivity, specificity, positive predictive value, negative predictive value, and accuracy for the erythrocyte sedimentation rate, C-reactive protein level, synovial fluid white blood-cell count and differential, frozen-section analysis, and culture are given in Table IV . The receiver-operating-characteristic curve analysis for all patients confirmed the white blood-cell count in synovial fluid aspirated from the hip as a high-quality diagnostic test (Fig. 1) . The optimal white bloodcell count cut-point from our entire patient cohort was 4200 white blood cells/mL. At this cut-point, the hip aspirate white blood-cell count had a sensitivity of 84%, a specificity of 93%, a positive predictive value of 81%, a negative predictive value of 93%, and an accuracy of 90%. When multiple perioperative diagnostic tests were combined, the strength of the test battery as a whole improved. When an elevated preoperative erythrocyte sedimentation rate and C-reactive protein level were combined with the hip aspirate white blood-cell count, the receiver-operating-characteristic curve analysis demonstrated an optimal white blood-cell count cut-point of 3000 white blood cells/mL (Fig. 2) . Furthermore, when either the erythrocyte sedimentation rate or the C-reactive protein level was elevated, but not both, the receiver-operating-characteristic curve analysis demonstrated an optimal white blood-cell count cut-point of 9000 white blood cells/mL. The sensitivity, specificity, positive predictive value, negative predictive value, and accuracy for these test batteries are summarized in Table V . Receiver-operating-characteristic curve analysis additionally demonstrated an optimal hip aspirate white blood-cell count differential of >80% polymorphonuclear cells when both the erythrocyte sedimentation rate and the C-reactive protein level were elevated (Fig. 3) . When the preoperative erythrocyte sedimentation rate and C-reactive protein status were combined with the hip aspirate white blood-cell count differential, the strength and accuracy of the predictive tests improved (Table VI) . When the data were reanalyzed with the exclusion of the fifteen secondary procedures on nonunique patients, the optimum cut-point for the white blood-cell count on aspirated fluid when both the erythrocyte sedimentation rate and the C-reactive protein level were elevated remained at 3000 white blood cells/mL, with a sensitivity of 91%, a specificity of 86%, a positive predictive value of 95%, a negative predictive value of 77%, and an accuracy of 88%. No difference in patient demographics could be established between hips that were determined to be infected on the basis of positive cultures and hips with negative cultures. The optimum white blood-cell count cut-point for these patients also remained at 3000 white blood cells/mL when both the erythrocyte sedimentation rate and the C-reactive protein level were elevated, with a sensitivity Receiver-operating-characteristic (ROC) curve demonstrating the hip aspirate white blood-cell count differential cut-point of 80% polymorphonuclear (PMN) cells for patients with an elevated erythrocyte sedimentation rate (ESR) and C-reactive protein (CRP) level.
*AUC = area under the curve.
of 92%, a specificity of 86%, a positive predictive value of 80%, a negative predictive value of 94%, and an accuracy of 90%. The data were further analyzed with elevations of the erythrocyte sedimentation rate and C-reactive protein being defined as values above the reference ranges given by the laboratory performing the test. With this definition, when the erythrocyte sedimentation rate and C-reactive protein level were both elevated above their respective reference ranges, the sensitivity, specificity, positive predictive value, negative predictive value, and accuracy were 91%, 91%, 95%, 83%, and 91%, respectively, at the cut-point of 3000 white blood cells/mL, as compared with 90%, 91%, 95%, 82%, and 90%, respectively, when the erythrocyte sedimentation rate and C-reactive protein level elevations were defined as >30 mm/hr and >10 mg/dL, respectively. Our data also demonstrated a 100% specificity for a hip not to be infected when both the preoperative erythrocyte sedimentation rate and C-reactive protein level were <30 mm/hr and <10 mg/dL, respectively.
Discussion
S uccessful evaluation of pain at the site of a total hip arthroplasty must rule out infection because the treatment for an infected hip is fundamentally different from the treatment for a noninfected hip. Occasionally, an infection is obvious on the basis of a thorough history, physical examination, and review of plain radiographs. Often, however, infection cannot be ruled out without adjunctive laboratory tests and imaging modalities. In such cases, tests are necessary that are readily available to the majority of surgeons in a variety of practice settings. Advanced nuclear imaging and molecular biologic techniques require increased resource utilization and the expertise of radiologists and specialized laboratory personnel. We present diagnostic criteria that are easily accessible to the majority of surgeons and are useful for preoperative decisionmaking.
Several studies have examined the utility of the preoperative erythrocyte sedimentation rate and C-reactive protein level in diagnosing periprosthetic hip infections 2, 11, 18 . As nonspecific inflammatory markers, the erythrocyte sedimentation rate and the C-reactive protein level must be used in conjunction with a careful history and physical examination. Recent surgery and active systemic inflammatory conditions can raise the levels without being indicative of infection. We excluded patients from the present study who had a preoperative diagnosis of inflammatory arthritis. Previous studies on the diagnosis of infection prior to revision total joint arthroplasty demonstrated similar sensitivity and specificity for the erythrocyte sedimentation rate and the C-reactive protein level to those in the present study, although Spangehl et al. reported a higher specificity for the erythrocyte sedimentation rate 2, 6, 18 . As none of our patients who had a normal erythrocyte sedimentation rate and C-reactive protein level had an infection, we found that this combination of preoperative tests had 100% specificity for ruling out infection at the site of a total hip arthroplasty. This finding concurs with those of the study by Spangehl et al., who found no periprosthetic infections associated with both a normal erythrocyte sedimentation rate and a normal level of C-reactive protein 2 . We recommend the use of a combination of the history, the physical examination, and a normal erythrocyte sedimentation rate and C-reactive protein level as an effective, low-cost method of screening to rule out infection.
Much has been written about the utility of intraoperative frozen-section analysis in the diagnosis of infection at the site of a total joint arthroplasty 3, 5, 7, 9, 13, [19] [20] [21] . We used the criteria established by Lonner et al. 7 and supported by Banit et al. 3 of at least ten polymorphonuclear cells per high-power field as suggesting the presence of infection. Had the criteria established by Mirra et al. 20, 21 of five polymorphonuclear cells per high-power field been utilized, the sensitivity of the frozensection analysis may have been higher; however, the specificity may have been reduced. Our results for sensitivity, specificity, predictive value, and accuracy were consistent with the wide ranges reported in other studies 2, 3, 5, 7, 9, 13, [19] [20] [21] . While this testing modality was useful in our practice, the variable nature of the test limited its role. Obtaining an appropriate sample of tissue from the most infected-appearing area without frank necrosis is important in order to minimize sampling errors. Also, a dedicated and interested pathologist is necessary to interpret the results. These conditions are not always available to every orthopaedic surgeon. We have primarily used the results of frozen-section analysis when other, more objective, perioperative tests have proved equivocal.
The so-called gold standard for diagnosing infection at the site of a total hip arthroplasty has long been intraoperative cultures 1 . However, intraoperative cultures have also been fraught with sampling errors and substantial false-positive rates 1, 2, 10, [22] [23] [24] [25] [26] . Padgett et al. found that with the development of infection as an end point, the positive predictive value of a positive intraoperative culture was only 2.4% and represented an unreliable predictor of infection at the time of revision surgery 10 . Our culture results, with an 8% false-positive rate (twelve of 146 hips), were more consistent with the results of other large studies that have demonstrated false-positive rates of 2.4% to 31.5% 2, [24] [25] [26] . Intraoperative cultures are subject to errors in technique, the potential for antibiotics to have been placed in the irrigant or to have been given preoperatively without the surgeon's awareness, and potential contaminants. An obvious difficulty with intraoperative cultures is the time required to obtain useful results. This delay prevents intraoperative cultures from being useful in decision-making during an equivocal procedure.
Hip aspiration for determination of the white blood-cell count and differential as a perioperative diagnostic test has several advantages. It can be performed either preoperatively or intraoperatively; when performed intraoperatively, the results in our hospital are typically returned within forty-five minutes. Hip aspiration for determination of the synovial fluid white blood-cell count is also low-cost, does not require specialized equipment, and was the most predictive perioperative testing modality in our study when combined with the preoperative erythrocyte sedimentation rate and C-reactive protein level. On the basis of our analysis, we propose using a cut-point of 3000 white blood cells/mL when the erythrocyte sedimentation rate and C-reactive protein level are both elevated, and a cut-point of 9000 white blood cells/mL when either the erythrocyte sedimentation rate or the C-reactive protein level (but not both) is elevated, as being consistent with a diagnosis of infection. These cut-points are markedly lower than those in several previous reports on lower extremity periprosthetic infection, which have ranged from 25,000 to 80,000 white blood cells/mL 1, 2, 27, 28 . In a recent report on revision total knee arthroplasty, Della Valle et al.
14 found an optimal cut-point of 3000 white blood cells/ mL in aspirated synovial fluid. We also found the white bloodcell count differential to be useful with high accuracy when the preoperative erythrocyte sedimentation rate and C-reactive protein level are both elevated. We use the percent polymorphonuclear count in the white blood-cell differential as a useful adjunct in the diagnosis of infection. n NOTE: The authors thank Daniel P. Reyner, DrPH, MS, Director, Corporate Biostatistics and Data Management, Department of Clinical Affairs, Zimmer, Inc., for his assistance with the statistical analysis on this project.
